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Abstract
Traditional macroscopic methods for estimating age-at-death from human skeletal
remains have been highly successful in practice but are notoriously inadequate when aging
individuals over the age of 50 years. Skeletal histology has the potential to overcome these
challenges to narrow the gap in age estimation and more accurately address older individuals.
Primary bone is produced during normal growth and development. Once fully matured,
individuals undergo the lifelong process of remodeling wherein primary bone is replaced with
microstructures called secondary osteons. As individuals age, the amount of primary bone tends
to decrease. This study reexamined the use of percentage of primary bone as a predictor of age
from the femoral midshaft of 30 modern cadaveric samples (15 males and 15 females) ranging in
age from 21-97 years. The anterior, periosteal octant of the femoral midshaft was evaluated using
Geographic Information Systems (GIS) software to investigate this trend. The data showed a
statistically significant inverse relationship between percentage of non-remodeled (primary) bone
and age-at-death. Regression analysis showed a linear relationship between the variables,
accounting for 76% of the variability in age with a standard error of ±11.1 years.
These data were compared to previous studies (Maat et al. 2006) that investigated a
smaller region of interest (ROI) and showed that increasing ROI size significantly improves its
predictive power. These results were also compared to the most widely accepted histological
predictor of age, Osteon Population Density (OPD). Linear regression analysis of OPD data
previously obtained by Gocha (2014) revealed a strong correlation between OPD and age,
explaining 83% of the variability in age with a standard error of ±9.2 years. Quantification of the
percentage of non-remodeled bone however, requires less time and less training to implement
than evaluating OPD and may be an adequate first step in histological analysis of age-at-death.
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Chapter 1: Introduction
Age is one of four major components of a biological profile that is developed when
evaluating human skeletal remains, the others being sex, ancestry, and stature. In both
bioarchaeological and forensic contexts, the development of a biological profile is one of the first
steps of investigation. Most of these variables are estimated by a trained researcher via
macroscopic methods -- the visual assessment of the degree of expression of clearly defined
criteria. Although these methods are well-established, with rates of accuracy up to 95%, they
remain somewhat subjective by nature. For some of the components of the biological profile,
age-at-death in particular, alternate methods such as histology, the study of tissue at the
microscopic level, can be employed as an objective measure of this variable and may be used in
conjunction with macroscopic techniques to provide an additional layer of evidence (Stout
1994).
Skeletal histology has great potential in both archaeological and forensic contexts and can
allow for age estimations of individuals older than 50 years of age (Gocha et al. 2019).
Traditional macroscopic assessments of age often provide wide age range estimates (upwards of
60-year age ranges) and may require several bony elements to narrow this gap. They are also
notoriously inadequate when aging individuals over the age of 50 years and many methods
simply provide a 50+ age estimation. Bone histology may be able to overcome these challenges
in ways macroscopic methods cannot and, by contrast, has been shown to estimate the age of an
individual well into their 80s and beyond (Gocha 2014). This can have serious implications for
archaeological interpretations of health, disease, and care in past populations, and may better
inform how long individuals and populations as a whole were actually living and surviving.
Forensically, there is a need to produce methods that have a high level of accuracy, reliability,
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and testability to be sustainable in court. Histological methods have the potential to inform
investigations of age-at-death, health of the individual, and may be the difference between
identification of an individual and a family never seeing their loved one again. To do this,
methods need to be critically evaluated, retested, and improved upon using modern technological
advances and understandings.
Most histological research in age estimation has focused attention on quantification of
individual remodeling events in the bone, which have been shown to consistently increase with
age. But these methods are often time consuming, require significant effort, and are plagued by
lack of consensus on the definition of specific microstructures. Several researchers have aimed to
develop methods that are simple, uncomplicated, and time efficient. Ahlqvist and Damsten
(1969) were the first to propose the idea of quantifying percent remodeled bone to eliminate
difficulty in distinguishing between histological structures. Stout and Stanley (1991) took this
one step further by comparing the accuracy of percent of osteonal bone to the quantification of
number of remodeling events. Maat et al. followed in 2006 by developing a methodology that
would allow instead for better visualization of the non-remodeled bone. They took advantage of
the linear nature of primary lamellae (non-remodeled bone) and polarized light microscopy to
more easily quantify the percentage of non-remodeled bone. This appears as parallel lines in the
bone amongst the more concentric remodeled bone tissue. Unlike Stout and Stanley, their goal
was to produce age-predicting equations stating that percentage non-remodeled bone should
correlate well with age, decreasing with increasing age. As humans age, more of their skeleton
becomes remodeled, reducing the percentage of primary lamellae. Their method, however,
lacked accuracy in quantification of area as they visually assessed percentage of bone based on a
grid pattern overlaying their samples. They also failed to account for much of the spatial
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variation in remodeling as they focused on very small regions of interest in the femoral cortex.
Previous research (Ingvoldstad et al. 2017) has demonstrated that examining larger areas of bone
provides better age at death estimates and it is hypothesized that the same is true of percentage of
non-remodeled bone as it correlates with age at death. Utilizing modern technology such as
Geographic Information Systems (GIS) software to collect more accurate measurements should
not only improve the results of the study, but allow for better comparison across samples in an
objective, precise manner. It is hypothesized that while more traditional methods of
quantification such as Osteon Population Density (OPD), which has been demonstrated to
exhibit high levels of accuracy in age estimation, should be utilized when possible, easier and
more time efficient methods should be considered.
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Chapter 2: Background
Histology is the study of tissue at the microscopic level and has been used to evaluate
mineralized bone tissue for age estimation for more than 100 years. Balthazard and Lebrun
(1911) are credited as the first in the field to use histology for age estimation although this was
not their original goal. Their research aimed at investigating microstructures in the bone,
specifically average Haversian canal diameter, to distinguish human from non-human bone.
What they discovered instead was that the average canal diameter appeared to increase with age.
Following this revelation, age-at-death estimation became one of the primary areas of research in
bone histology. To understand the target histological microstructures for age estimation, it is
crucial to have a basic understanding of bone remodeling and its components.

2.1: Bone Remodeling and Histological Structures
Bone modeling is the process during growth and development through which juvenile
individuals deposit and adjust bone size, shape, and curvature to accommodate and sustain
mechanical loading. The adult skeleton, by contrast, undergoes remodeling which rarely affects
the size and shape of bone, but is a continuous process throughout adult life. Skeletal remodeling
is initiated in response to biomechanical and internal factors and is believed to have three major
goals: (i) alteration of mineral balance; (ii) adaptation to mechanical forces; and (iii) repair of
microdamage (Crowder and Stout 2011). Osteocytes are housed in lacunae and connected via
dendritic processes called filopodia. If this communication branch is disrupted, a new remodeling
cycle is initiated. Osteoclasts, bone resorbing cells, then remove the bone at the activation site or
the site of damage in the case of a microcrack. The osteoclasts then undergo apoptosis after
resorption. Osteoblasts, bone building cells, then follow to secrete layers of osteoid which is a
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dense matrix comprised primarily of collagen, fibrous material, and ground substance. As the
osteoblasts deposit the osteoid, some osteoblasts become trapped in the matrix and become
terminally differentiated as osteocytes, or bone sensing cells. The initial phase of mineralization
(primary mineralization) occurs after osteoid deposition and progresses over approximately 3
weeks with the final stages of mineralization occurring in the following several months to years
(Burr and Allen 2014). The remodeling process is often referred to as the ARF cycle referencing
the activation, resorption, and formation phases. The result of the ARF cycle in intracortical
bone is the production of a secondary osteon, the basic structural unit (BSU) of bone (Stout and
Crowder 2012).
There are different types of osteons which are critical to the histological assessment of
age-at-death (Figure 1). A primary osteon is a type of primary bone produced during growth and
development and is suggested to be the result of rapid growth. They are often small in size and
show no clear boundary with the surrounding bone tissue. A secondary osteon, by contrast, is
produced during remodeling. A Type I secondary osteon is very common and has been shown to
increase in number with age. A Type II osteon is also called an embedded osteon because it has
developed within another secondary osteon. The remodeling process can also result in osteon
fragments if another osteon develops in the path of, but not within, another osteon. These
distinctions are important because it is the complexity of these structures and a lack of a standard
method for quantification of them that has been a concern for age-at-death assessments.
Histologists continue to disagree about the specific microstructures to study, how to define them,
how and what to quantify, and which bones and what portions of these bones to evaluate (Stout
and Crowder 2012).

5

Figure 1. Types of osteons. From Gocha (2014). A) Type I (intact) osteon, B) fragmentary
osteon, C) Type II (embedded) osteon, D) drifting osteon, E) primary (non-remodeled) lamellae

2.2: Skeletal Element Selection
Age estimations using histology are primarily completed using long bones as they are
mostly comprised of compact or cortical bone. Remodeling occurs throughout the body although
the mechanisms initiating remodeling are more readily understood in the intracortical bone of
weight-bearing skeletal elements. Many theories seek to explain propagation of remodeling with
Bernard and Roux (Stout and Crowder 2012) currently providing the most widely accepted
theory of bone functional adaptation. This principle posits that bone structure adapts to
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mechanical strain in a way to optimize strength. Despite this, which long bone to evaluate for
histological age estimation is still debated.
Much of recent research has focused on the femur because it is the largest and longest
bone of the human skeleton and is most often recovered in both archaeological excavations and
forensic contexts. The femoral midshaft is the most frequently sampled portion of the bone as it
tends to be well-preserved, is relatively easy to identify, and records age-related remodeling
changes into the tenth decade of life (Stout 1998, Gocha et al. 2019). Kerley (1965) reported that
the femoral midshaft is of great use because, unlike other sampling areas that might be difficult
to distinguish, the femoral midshaft has an approximately 3-inch longitudinal section of
homogenous bone at which a thin-section can be derived. Stout and Gehlert (1980) stressed the
importance of the need for a precise field location because without this, testing the accuracy and
reliability of past methods is impractical. Kerley also recommended that the outer third of the
cortex be examined because it should be less affected by age-related resorptive changes, which
tend to occur on the endosteal surface. Ahlqvist and Damsten (1969) recommended that the linea
aspera located on the posterior surface of the bone be avoided as it is a site of major muscle
attachment and could affect results.
Other researchers have looked at other skeletal elements besides the femur because,
although the potential information that can be gleaned from this bone is impressive, its size has
proved daunting and the destruction of such an important skeletal element is not ideal. In its
stead, histologists have also investigated the tibia, fibula, radius, ulna, clavicle, cranium, and
even the mandible (Kerley 1965, Kerley and Ubelaker 1978, Singh and Gunberg 1970,
Thompson 1979, Stout and Stanley 1991, Stout and Paine 1992, Stout et al. 1996, Cho et al.
2002, Cool et al. 1995). The interest in other skeletal elements stemmed from the desire to
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account for more variability in remodeling across entire cross-sections and to utilize elements
that are less crucial to the bioprofile. Histology as a technique is very time-consuming, requires
significant training, and is destructive by nature. To evaluate the entire cross-section of the femur
is a massive undertaking compared to that of the rib, for instance.

2.3: Cross-Section Variability and Region of Interest (ROI) Size
Remodeling in bone occurs in an episodic fashion and does not occur at the same rate in
every bone or even across the same bone. Chan et al. (2007) used a coring method adapted from
Thompson (1979) to sample 5 cross-sections throughout the femur to determine its effect on
estimating age-at-death. They found that there was not only intersection variation, but
intrasection variation at the femoral midshaft as well. They suggest that the femur is subject to
regional changes that cause remodeling in response to mechanical strain rather than systemic
initiation. Drusini and Businaro had suggested that this might be a factor in 1987, noting that
there was great variability in the distribution of remodeling throughout the femur. They stated
that the ROIs used in their study were insufficient to address this variation. Ericksen embarked
on an intimidating undertaking with her 1991 study to estimate age-at-death using the periosteal
edge of the anterior cortex of the femur. Her study comprised 328 individuals with 5 ROIs per
sample amounting to a total area of 4.43 mm2 per sample. Her method estimated age within ±10
years. Crowder and Dominguez (2012) and Crowder (2013) also sought to address this by
sampling the entire anterior femoral midshaft from periosteal to endosteal edge evaluating
variation in the section. However, it was not until Gocha (2014) and Gocha and Agnew (2016)
that the entire cross-section of the femoral midshaft was studied and the extent of the variation in
remodeling variability could be fully appreciated. They found that osteon density varied widely
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throughout the femoral midshaft with the highest density in the anterolateral and lateral sections
of bone suggesting that these regions undergo the highest rate of intracortical bone remodeling.
They further suggest that this may be the result of increased biomechanical loading in the form
tension and strain on the anterolateral aspect of the femur, resulting in increased microdamage
and the need for repair corroborating the work published by Thompson (1979).

2.4: The Microstructure Debate
Despite some of the logistical issues with using the femoral midshaft for age-at-death
estimations, many have lauded its potential. This potential is primarily based on the
microstructure targeted and the quantification techniques employed. A more heated debate than
which bone to use for histological analysis is which microstructure(s) to quantify and how to
define said microstructure(s). As stated previously, remodeling results in the production of
secondary osteons. These are easily distinguishable from primary osteons by the presence of a
reversal line, a remnant of the remodeling process (Gocha et al. 2019). When evaluating a crosssection of bone, one must remember that the bone is no longer remodeling and that there
may/will be evidence of remodeling events which have just begun, have been completed, or that
were almost complete at the time of death. By taking a cross-section, it is also important to
remember that one is looking at a two-dimensional section of a three-dimensional process and as
such are not seeing the entire picture. It is for these reasons that definitions of what constitutes a
secondary osteon versus an osteonal fragment versus another histological structure might be less
than clear. A recently standardized set of definitions put forth by Heinrich et al. (2012) and used
by other recent histological research (Crowder and Dominguez 2012, Ingvoldstad 2012, Gocha
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2014, Gocha and Agnew 2016) will be employed in this study and follows that a secondary
osteon is a remodeling event with an intact Haversian canal and is bounded by a reversal line.
There are many different ways to quantify these various histological structures. Arguably
the most accepted correlative measure for age estimation is through Osteon Population Density
(OPD). This is the number of remodeling events per ROI which is typically measured in mm2
(Gocha et al. 2019). There has been debate about whether to include fragments in this calculation
or whether intact and fragmentary osteons should be considered separately. But there are many
other measures that have been employed including Haversian canal diameter (Balthazard and
Lebrun 1911), osteon fragment density versus total osteon population density (CosgriffHernandez 2012), percent osteonal bone versus osteon counts (Stout and Stanley 1991), and even
an evaluation and comparison of 19 separate variables by Thompson (1979). What has been
found consistently is that OPD correlates the best with age-at-death, although results are highly
varied, and repeatability seems to be a major issue. This is likely an artifact of the lack of
consensus of microstructure definitions and the decisions about which structures to quantify.
Furthermore, Thompson’s research highlighted that having more variables does not necessarily
increase informative power.
One persistent problem is that histology is time-consuming and distinguishing between
certain histological structures can be very difficult. Many researchers have attempted to develop
methods to make the procedure easier, quicker, and more readily available to more researchers.
In 1998, Iwaniec et al. investigated ways of sampling the anterior mid-diaphyseal femur that
could simultaneously cut the time required for analysis and account for variability across the
anterior cortex. Their methods suggested that examining subsections of as little as 15% of the
total sample area can predict 95% of the variation in OPD of “the entire anterior cortex”. While
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the average total area of their samples was high, at 56.7 mm2, this only accounted for 20% of the
total cross-section area and their subsections were much smaller. While well within the
suggested sample area of at least 50 mm2 recommended by Frost (1969), the average femoral
cross-section can range several hundred millimeters squared. Frost (1969) suggested a minimum
sampling area of 50 mm2 to reduce what he called incoherence, or random variation. In essence,
the larger the sample area, the less variance that should be expected. Thomas et al. (2000) sought
an easier solution to the problem -- automated analysis. They used an automated video system to
detect pores, although it was limited to pores larger than 400 µm2. Pores larger than this would
likely only include Haversian canals which are contained within secondary osteons, the result of
bone remodeling. Unfortunately, the limitations of the system resulted in the inability to
accurately predict age as they merely captured a biased sample of the overall remodeling
process. This system precluded them from capturing partial Haversian canals and limited
assessment to intact systems. Lynnerup (2006) and Villa and Lynnerup (2010) employed the
technique of stereology developed and elaborated upon by Gundersen et al. (1988). Stereology is
a two-dimensional sampling technique that allows researchers to obtain quantitative information
about 3D, microscopic structures and can be used across many fields. Villa and Lynnerup (2010)
and Lynnerup (2006) used these methods for the unbiased selection of ROIs as they felt the
samples in previous studies were not truly random. Stereology also drove the number of
microstructures quantified in a given ROI (at least 100) and determined how to address structures
that fell outside or partially outside of the ROI. Due to the limit on structures counted, Lynnerup
(2006) produced combined counts in which remodeling events that shared a common boundary
(i.e., Type II osteons) were counted as one event although this is inconsistent with the biology of
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bone remodeling as they represent two distinct events. Neither article correlated the results of
their investigation with actual age estimations or shared the accuracy of the methods.

2.5: The Reevaluation Studies
The final, and perhaps most important studies in this review, as they serve the basis for
this research, are ones completed by Stout and Stanley in 1991 and Maat et al. in 2006. Stout and
Stanley sought to compare percent osteonal bone with traditional osteon counts to determine
which correlated better with age, and thus which should be used as the variable of choice when
estimating age at death from bone histology. The use of percentage of bone was meant to
eliminate possible confusion when completing osteon counts including differentiating between
intact and fragmentary osteons. Instead, they could simply agree that the area represented some
type of remodeling event. Stout and Stanley chose to complete their analysis on the radius, tibia,
and fibula and found their results to be varied and inconsistent. They determined that the
simplicity of the method was overshadowed by the loss of accuracy relative to osteon counts but
did not intend to develop age predicting equations in this study. They also report that their
sample was relatively small and biased toward older age ranges.
Maat and colleagues were also of a mind to make histological age estimation easier, less
burdensome, and more time efficient. In addition, they wanted to provide a minimally invasive
method for age estimation. To accomplish this, they used a contemporary Dutch sample of 162
individuals (86 males and 76 females) from anatomy dissections and modern forensic cases and
removed a small wedge from the anterior femoral cortex. The ages of Maat’s samples ranged
from 15-96 years. Each sample was examined at 3 ROIs (one “most anterior part” and two
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“antero-lateral parts”) of 1 mm2 each. Using polarized light and proper zeroing of filters for the
microscope setup, they employed a 10 x 10 grid to quantify non-remodeled bone.
The results of this study were that the percentage of non-remodeled bone decreased with
increasing age, although this was not as successful for younger individuals. When the percentage
of non-remodeled bone reached 80-100% (as might be the case with a subadult), it no longer
correlated well with age. Maat et al. report that evaluating the “entire anterior cortex” (an
average of the 3 ROIs) with a combined male and female sample produced an R2 value of 0.78
meaning that these data accounted for 78% of the variance in age. This produced a standard error
of about ±11 years. They cite Kerley (1965) and Ericksen (1991) as other studies which have
looked at percent non-remodeled bone producing similar results and correlation values. They
caution results with an R2 greater than 0.8 in both osteon counts and percentage non-remodeled
bone stating that with individual human variation, a result that accurate would “hardly seem
realistic” (Maat et al. 2006).

2.6: Preliminary Research/Analysis
Gocha’s 2014 dissertation entitled, “Mapping Spatial Patterns in Cortical Remodeling
from the Femoral Midshaft using GIS Software: Implications for Age Estimation from Adult
Human Skeletal Remains” marked the first time that the entire cross-section of a femoral
midshaft had been manually evaluated for remodeling events. This research used the same
sample from which his data derive as well as the GIS maps indicating individual remodeling
events and the segmentation patterns developed on this sample. The benefit of using Gocha’s
samples is that because they have previously been used for quantification of remodeling events,
comparisons of the accuracy of the proposed method of examining non-remodeled bone can be
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easily accomplished. The use of these particular samples and the previous research available will
provide the basis for a strong dichotomy between the 1,000 or more hours of analysis completed
for his study, painstakingly identifying all the remodeling events versus the Maat et al. claim that
this quantification is unneeded. Gocha’s data also include osteon density maps which, within
GIS, will allow for a clearer understanding of how much variation is being caught with Maat et
al.’s method and whether the methods are sufficient. This will mark the first time that a direct
comparison of OPD and percent non-remodeled bone will be performed on the same, fully
analyzed samples. Previous studies (Ingvoldstad et al. 2017) have already shown that a larger
ROI explains more of the variation within a sample and produces more accurate age estimations
from quantification of OPD, but this research will test whether the same is true of percent nonremodeled bone.

2.7: Population Variation
Previous studies (Cho et al. 2002, Cho et al. 2006, Pfeiffer et al. 2016, Pratte and Pfeiffer
1999) have sought to determine whether there is significant variation in the quantification of
histological structures across various populations. In 2002, Cho et al. investigated a modern
sample of African-American and European-American individuals of known demographics to
determine whether there was any significant difference in five histomorphometric measures. This
ranged from relative cortical area, to average cross-sectional area of osteons, and osteon
population density (OPD). They looked specifically at the cross-sections of the ribs and found
that there appeared to be a significant difference in each of the three previously mentioned
measures. Cho et al. (2002) suggest that bone mass is, on average, greater in African-Americans
as they age resulting in higher overall values of these measures in European-Americans. They
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corroborate their findings and interpretations with research published by Pratte and Pfeiffer in
1999 which examined variation in OPD in the skeletonized, fragmented ribs of white and black
South Africans. Pfeiffer et al. (2016) revisited this suspected population variation with a highly
diverse group comprised of “White”, “Black”, and “Colored” individuals from South Africa and
found that population specific equations did not significantly improve age-at-death estimations.
This directly contradicts the work published by Cho et al. in 2002 and suggests that population
specific regression analyses may not be appropriate when investigating age-dependent
intracortical remodeling.
This past research has, however, been reserved for the comparison between black and
white populations and only on investigations of the ribs which is problematic and insufficient. It
is however beyond the scope of this study to address concerns of interpopulation variability. In
the future, this technique would ideally be tested on many more populations in order to produce
more accurate population specific age regression equations. For this research, all specimens, save
one, represent white individuals, with one black individual (a 30-year-old male). Due to this
limitation, no analysis of the effects of ancestry will be conducted for this study.

2.8: Research Objectives
This research addresses basic questions in histology, the answers to which continue to
elude researchers. Primarily, it addresses a growing interest in the discipline of histology to make
the process easier, less invasive, and more time efficient. It aims to critically analyze the work of
other anthropologists, apply the method of quantifying percentage of non-remodeled bone to a
larger region of interest than previous studies, and collect more accurate measurements by
employing modern technology in the form of Geographic Information Systems (GIS) software.
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By then comparing these results to the more traditional method of osteon counts (or OPD), it can
be determined whether the proposed technique can provide enough accuracy to be considered
useful for human skeletal remains in forensic and/or archaeological settings.

2.9: Significance
This research reevaluates a technique of measuring the percentage of non-remodeled
bone as an age-at-death predictor. Not only will this evaluate how well the methods allow for
better appreciation of non-remodeled bone, but whether it is a reliable method of analysis. A
larger region of interest (ROI) will be evaluated per cross-section than that sampled by Maat et
al. (2006) in an effort to increase the explanatory power of the results. The previous study reports
that their methods explain 78% of the variance in predicted age and question any results that
claim an R2 greater than 0.8. This research aims to do just this. By following the microscopic
adjustment suggestions provided by Maat et al. and evaluating the same variables, but tweaking
the methods to investigate a larger area, better results are likely to be achieved with little
additional time and effort. This research will be compared to previously acquired OPD data
(Gocha 2014) which boasts R2 values as high as 0.93, starkly contrasting Maat et al.’s findings,
to determine whether it provides as much explanatory power as more traditional methods
(Ingvoldstad et al. 2017). If successful, this will provide a new avenue of research that histology
has overlooked in lieu of quantification of individual remodeling events. If this is not successful,
other methods for age-at-death estimation can be investigated. The data generated from this
research will be applicable to both the fields of bioarchaeology and forensic anthropology and
will provide information about what the next steps should be in the field of histology.
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This research will also use GIS software for analysis in combination with microscopic
analysis. GIS and other mapping software have begun to gain favor in histology as it allows for a
digital surface to conduct quantification calculations (Rose et al. 2012). Using this software will
further show the discipline what can be done with digital mapping and the benefits of online
resources for more complex analysis unavailable to histologists in the past.
Histology has the potential to lend real insight into the lives of past people by assessing,
on a microscopic level, with little to no subjectivity, a person’s age at the time of death. In both
archaeological and forensic contexts, the first line of investigation into human remains is the
development of a biological profile. The more accurate the profile, the better the contexts in
which people lived can be understood.
The benefit of using the femoral midshaft for these investigations is that, unlike bones
with a smaller cross-section, the femur may be especially suited for estimating the age of older
individuals. In 1987, Frost reported a phenomenon known as Osteon Population Density (OPD)
asymptote. This is, essentially, the point at which quantification of new secondary osteons can no
longer be accomplished. This is due to the bone becoming so saturated with remodeling events,
that no, or very little, primary lamellae persist. Any new remodeling event created removes
evidence of a previous remodeling event. Once the asymptote is reached, the age-at-death can no
longer be evaluated past a certain point because OPD can no longer increase. Frost proposed that
due to variability in remodeling rates throughout the body and the variation in cortical bone
thickness and density, different bones reach asymptotic levels at different times. Frost
hypothesized that bones such as the rib and clavicle have an OPD asymptote of 30
(osteons)/mm2 whereas the femur has an asymptote of 50/mm2. Gocha has reported that based on
the spatial variation in remodeling, a normal (non-osteoporotic) femur may not even reach this
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asymptote until well into the 10th decade of life or beyond (2014). Small regions of the crosssection may reach an asymptote, but the entire femoral cross-section will likely not. The critical
point here is that the femur is capable of providing information for aging well beyond the 50+
year benchmark that has plagued macroscopic trait evaluations.
If the cross-section of the femur can age older individuals better than traditional methods,
histology may be used to provide information about patterns of health in past populations, finally
being able to determine how long these groups were actually living. It would give
bioarchaeologists invested in the study of care, disease, and disability more information about
how long an individual required assistance during their life. This can be expanded beyond the
individual to the study of population dynamics and demographics in past populations as a whole.
The femoral midshaft is often recovered in archaeological burial excavations and by evaluating
how much bone would be required for histological analyses to provide accurate age estimation;
minimally invasive methods and techniques for analysis can begin to be offered.
In forensic contexts, the needs, requirements, and restrictions of skeletal analysis differ
from that of academia. Age-at-death, as well as any other assessment completed on human
skeletal remains, must be accomplished with a certain degree of accuracy. Forensic anthropology
diverges from archaeology in that it is subject to the rules and regulations of the medicolegal
system and is under much more scrutiny. Classic court cases such as Daubert v. Merrell Dow
Pharmaceuticals (1993), General Electric Co. v. Joiner (1997), and Kumho Tire Co. v.
Carmichael (1999) established and re-defined the standards by which evidence, scientific
research, and expert testimony can and should be used in a court of law. The Daubert case
instituted the judge as a “gatekeeper” of evidentiary material and required that any method,
theory, or technique used in a court of law must follow very strict guidelines. It must, for
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instance, have been tested, be reliable, have known error rates, be subject to specific standards
for the application of the technique, and be generally accepted by its relevant scientific
community (Lesciotto 2015). The breadth of knowledge histology can contribute to forensic
analysis is promising, but requires reevaluation and retesting if it is to be admissible in court.
Age-at-death is crucial information in forensic analysis of a decedent and has often been used to
assist in the identification of an unknown individual. More accurate, sensitive age estimations
may be the difference between an individual being identified and one that remains lost to the
system.
The only way strides in the field of histology, as any other discipline, can be made is
through the meticulous and critical reassessment of new techniques. If evaluating a somewhat
larger region of interest in the anterior femoral midshaft can produce age prediction accuracies
greater than 78% (Maat et al., 2006), be comparable to the accuracies seen with OPD, and can
save time and resources, using percentage of non-remodeled bone might be worth the time and
effort. If the quantification of percentage non-remodeled bone proves to lack the level of
accuracy necessary to proper age-at-death estimation, this suggests the need for the development
and implementation of more sensitive techniques.
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Chapter 3: Materials and Methods
3.1: Materials
The sample is comprised of 30 complete femoral midshaft cross-sections of known
demographics ground to approximately 100 µm to allow for microscopic analysis. Twenty-five
samples come from the Ericksen collection and represent modern cadaveric remains from
Washington, D.C. The Ericksen collection consists of 318 femoral midshaft blocks extracted by
Dr. M. F. Ericksen between 1972-1989 from dissection room cadavers at George Washington
University Medical School. The five remaining samples are from the Skeletal Biology Research
Lab (SBRL) and were extracted from cadavers acquired through The Ohio State University’s
Division of Anatomy’s Whole-Body Donation Program. The 30 samples are currently curated by
Dr. Timothy P. Gocha at the University of Nevada, Las Vegas.
This sample represents 15 males and 15 females ranging from 21-97 years of age with an
overall mean sample age of 58.9 years. Two males and two females represent each decade of
life, with the exception of the 20-29 decade for which there is only one female, along with the
90-99 decade for which there is only one male. Twenty-nine samples are White and one (male) is
Black. None of the samples included showed obvious histological signs of skeletal atrophy
(gross intracortical porosity) due to osteoporosis or similar pathologies, were incomplete crosssections, or lacked demographic information (Gocha 2014). The sample demographics including
sex, age, and cause of death have been reproduced from Gocha (2014) and are represented in
Table 1.
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Table 1. Sample demographics. From Gocha (2014).
Subject ID Collection

Sex

Age

Ancestry

Cause of Death

6233

SBRL

M

21

White

Suicide

6613

SBRL

F

27

White

Cancer

6141

SBRL

M

29

White

Suicide

125

Ericksen

M

30

Black

Diabetes

1125

Ericksen

M

32

White

Heart disease

327

Ericksen

F

35

White

Cancer

6767

SBRL

F

35

White

Cancer

6134

SBRL

M

42

White

Liver disease

2

Ericksen

F

44

White

Suicide

419

Ericksen

F

45

White

Respiratory failure

11

Ericksen

M

48

White

Heart disease

205

Ericksen

F

50

White

Unknown

604

Ericksen

M

52

White

Cancer

1121

Ericksen

M

55

White

Diabetes

615

Ericksen

F

57

White

Gastric hemorrhage

311

Ericksen

M

60

White

Heart disease

706

Ericksen

F

61

White

Cancer

228

Ericksen

M

65

White

Heart disease

203

Ericksen

F

69

White

Unknown

1213

Ericksen

M

70

White

Respiratory failure

420

Ericksen

F

75

White

Stroke

206

Ericksen

M

76

White

Cancer

811

Ericksen

F

76

White

Respiratory failure

806

Ericksen

M

80

White

Cancer

510

Ericksen

F

81

White

Stroke

314

Ericksen

M

84

White

Stroke

15

Ericksen

F

89

White

Unknown

108

Ericksen

F

91

White

Unknown

1115

Ericksen

F

92

White

Heart disease

1218

Ericksen

M

97

White

Heart disease
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3.2: Research Methods: Preparation of Slides, Digital Imaging, and Microscopy
Preparation of slides from the Ericksen collection occurred at the Office of Chief Medical
Examiner in New York City. The details of this preparation are available in Crowder (2013). All
samples were ground to approximately 50-100 µm, cleaned in an ultrasonic water bath, and
allowed to dry flat between two glass slides. After drying, the 25 thin sections were mounted to a
slide using either SecureMount or Permount mounting medium.
Preparation of slides from SBRL took place at The Ohio State University in a similar
manner to the Ericksen collection with some minor alterations due to equipment availability. The
primary difference in preparation was that two of the five SBRL samples required embedding in
a mixture of Buehler epoxy resin and hardener because of the somewhat brittle cortex of the
cross-section following maceration. The full details of this process are presented in Gocha
(2014). After embedding, the samples were ground to approximately 100 µm, cleaned to remove
debris, and allowed to dry between two glass slides. These samples were mounted using
Permount mounting medium and covered with a glass coverslip.
Although the samples have been imaged previously by Gocha (2014) via an “Olympus
BX63 microscope equipped with an ultrasonic motorized stage and affixed with an Olympus
DP73 digital camera” (Gocha 2014), Stout and Crowder (2012) urge researchers to reevaluate
others’ work and strongly recommend that digital images be used in combination with direct
visualization of the histological slide to ensure accurate perception of microscopic features, as
they might not all be clear on a static, two-dimensional image. This was necessary to the
evaluation of and consistent identification of a reversal line to delineate secondary osteons and
fragments from primary lamellae. In addition, direct visualization with a microscope allowed the
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structures to be viewed in both linearly polarized light as well as standard brightfield
microscopy.
In some cases, there appeared to be a breakdown of the mounting medium causing
bubbling and minor cracking of the medium. This did not seem to affect the underlying bone but
did create difficulty in viewing clear microscopic structures when evaluating features from the
slide alone. It is the combination of the three-dimensionality from use of the microscope as well
as the static images captured soon after initial preparation that ensured accurate analysis.
Maat et al.’s (2006) setup involved the use of a transparent sheet affixed to the slide’s
glass coverslip to mark a grid and notate structures, although because Geographic Information
Systems (GIS) software was used in this research to complete analysis, that was unnecessary.
Using GIS improved accuracy of calculating exact percentages of the bone feature studied rather
than an estimate based on a grid pattern.

3.3: Research Methods: Geographic Information Systems
Digital mapping in the ArcMap interface of ArcGIS served as the basis for evaluating
these samples. Gocha (2014) previously imaged and input these slides into ArcGIS and created
multiple segmentation patterns for each of the samples. These map layers within ArcGIS were
used to perform quantification of percent non-remodeled and remodeled bone in each of the 30
samples.
Per standard practice in histology and to approximate the sampling location of Maat et
al.’s research, the anterior cortex of the femoral midshaft was the focus of this research. Using
segmentation patterns from Gocha (2014), each femoral midshaft cross-section was divided into
anterior-posterior-medial-lateral (APML) octants and then subdivided by the periosteal, middle,
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and endosteal thirds (Figure 2). The region of interest for this research is the periosteal third of
the anterior APML octant (emphasis noted in dark gray in Figure 3).

Figure 2. Femoral cross-section of APML
octants by thirds segmentation pattern with 2
mm scale bar.

Figure 3. Anterior, periosteal octant with 2
mm scale bar.

For the chosen segment, a separate mapping layer within the ArcMap interface of ArcGIS
was created to document the non-remodeled bone. Polygon features were created to essentially
fence the primary lamellae from the secondary osteons and osteonal fragments (Figure 4).
Primary bone was identified from secondary osteonal bone using standard definitions provided
by Heinrich et al. (2012) and used by other recent histological research (Crowder and
Dominguez 2012, Ingvoldstad 2012, Gocha 2014, Gocha and Agnew 2016). These definitions
state that a secondary osteon is a remodeling event with an intact Haversian canal and is bounded
by a reversal line, and that fragmentary osteons may present only a partial Haversian canal, no
24

Haversian canal but still have a partial reversal line or can be distinguished from primary
lamellae by the orientation of their osteonal lamellae. The polygon features were created using
point-and-click features within GIS to follow the contours of reversal lines of either intact or
fragmentary osteons. This required evaluation of the static images within GIS and careful
examination of the original histological slides viewed with an Olympus BX43 microscope using
both polarized and standard brightfield light.
Once polygons were created for each sample, the polygons within each anterior,
periosteal octant were merged to produce one non-remodeled bone area for each sample. This
primary bone area measurement was subtracted from the total area of the anterior, periosteal
octant segment of bone to provide a remodeled or osteonal bone area. From these values, the
percentage of non-remodeled bone could be derived, and age prediction equations produced.

Figure 4. Polygon features of non-remodeled bone viewed in polarized light with 0.5 mm scale
bar.
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3.4: Interobserver Agreement
A subset of the total sample of 30 slides was selected to be tested for interobserver
agreement of percentage of non-remodeled bone. Ten samples were selected including one
sample from each decade of life with the exception of the 40-49 and 60-69 decades in which two
samples, one male and one female, were chosen to be evaluated (Table 2). These samples were
evaluated by a qualified observer familiar with bone histology and GIS software, but unfamiliar
with this particular method. A short tutorial was provided to the interobserver (Observer 2) to
detail the mechanics of polygon creation and use of the map layers in which they would be
conducting their evaluation. Observer 2 did not evaluate the entire anterior, periosteal octant, but
rather a subsection of this region of interest (ROI). This ROI represents fifty percent of the total
area located in the center of the original ROI which will be referred to as the Interobserver
Region of Interest (ROI) and is the darkest gray feature in Figure 5. Shapiro-Wilk tests were
performed to test for normality of the data due to small sample size (n=10). Interobserver
agreement was assessed using Pearson correlation and a paired samples t-test.

Table 2. Interobserver agreement subsample demographics.
Subject ID

Collection

Sex

Age

Ancestry

Cause of Death

6233

SBRL

M

21

White

Suicide

327

Ericksen

F

35

White

Cancer

6134

SBRL

M

42

White

Liver disease

419

Ericksen

F

45

White

Respiratory failure

615

Ericksen

F

57

White

Gastric hemorrhage

706

Ericksen

F

61

White

Cancer

228

Ericksen

M

65

White

Heart disease

811

Ericksen

F

76

White

Respiratory failure

806

Ericksen

M

80

White

Cancer

108

Ericksen

F

91

White

Unknown
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Figure 5. Interobserver ROI (darkest gray) within the anterior, periosteal octant with 1 mm scale
bar.

3.5: Statistical Analysis
All statistics were completed using SPSS version 24 or 25. The sample was first tested to
determine whether there was any significant difference in the age distribution between males and
females using an independent samples t-test. An additional independent samples t-test was
conducted to determine whether there were any significant differences between males and
females in the values obtained for the percentage of non-remodeled bone for the anterior,
periosteal octant.
The normality of the data, percentage of non-remodeled bone for the anterior, periosteal
octant, were evaluated using a Shapiro-Wilk test due to small sample size (n=15) based on sex,
where percentage of bone was the dependent variable and sex was the independent variable. This
was tested both between sexes and with the sexes combined.
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The data were then transformed using SPSS and the square root function. A Shapiro-Wilk
test was again performed on the transformed data both with the sexes independently and
combined. As the Shapiro-Wilk test showed the transformed data to be normally distributed with
maintenance of normality in the combined sex evaluations, all further analyses were conducted
on the transformed percentage values with the sexes combined to increase sample size for
standard parametric testing.
A Pearson correlation was utilized to ascertain any relationship between the known ageat-death and the percentage of non-remodeled bone for the samples. Simple linear regression
further explored this relationship with age as the dependent variable and percentage nonremodeled bone as the independent variable. Residuals were charted on a scatterplot to evaluate
any remaining, unaccounted for linear relationship existing beyond the scope of the model. Pvalues <0.05 were considered significant to reduce the chance of a Type II error.
Osteon population density (OPD) data was utilized from Gocha (2014) which was
reported to be normally distributed across all segmentation patterns and in all regions of interest.
The data for OPD in the anterior, periosteal octant was evaluated using a Pearson correlation to
determine degree and direction of correlation and then subjected to simple linear regression with
age as the dependent factor and OPD as the independent variable.
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Chapter 4: Results
4.1: Normality of Data
Prior to evaluation of any sex differences or correlation in the percentage of nonremodeled bone and age-at-death for the samples, tests of normality were conducted. Due to
small sample sizes (n=15) of the males and females, Shapiro-Wilk statistics were run to evaluate
normality and histograms depicting the normality curve for the data were created. A ShapiroWilk test run on the sexes independently revealed that the female data were not normally
distributed (p <0.05) (Table 3 and Figure 6). When the sexes were combined, the data remained
non-normally distributed. To address this, the data were transformed in SPSS using the square
root function, a common transformation tool, in order to run further parametric analyses.
Initially, the data were transformed using a logarithmic transformation, but while this normalized
the sexes independently of each other, data for the sexes combined was still non-normal in its
distribution (Table 4 and Figure 7). After the data were transformed via square root, a ShapiroWilk test revealed the data to be normally distributed (Table 5 and Figure 8).

Table 3. Test for normality of percentage non-remodeled bone (non-transformed data).

Males
Females
Combined

Statistic
0.934
0.853
0.904

Tests of Normality
Shapiro-Wilk
d.f.
15
15
30

29

p-value
0.311
0.019
0.011

Figure 6. Histogram depicting normality distribution of percentage non-remodeled bone (nontransformed data).

Table 4. Test for normality of percentage non-remodeled bone (log10 transformed data).

Males
Females
Combined

Statistic
0.902
0.938
0.927

Tests of Normality
Shapiro-Wilk
d.f.
15
15
30

30

p-value
0.102
0.362
0.041

Figure 7. Histogram depicting normality distribution of percentage non-remodeled bone (log10
transformed data).

Table 5. Test for normality of percentage non-remodeled bone (square root transformed data).

Males
Females
Combined

Statistic
0.932
0.921
0.937

Tests of Normality
Shapiro-Wilk
d.f.
15
15
30
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p-value
0.288
0.200
0.075

Figure 8. Histogram depicting normality distribution of percentage of non-remodeled bone
(square root transformed data).

4.2: Evaluation of Potential Sex Differences
To determine whether there were any underlying significant differences in the age
distribution between males and females in the sample, an independent samples t-test was
conducted (Table 6). No significant difference was found in this measure.
An additional independent samples t-test was performed on the transformed percentage
non-remodeled bone data and revealed no significant differences between the groups and is
presented in Table 7. Due to this, and the small sample size, the male and female data were
combined for all further statistical analyses.
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Table 6. Independent samples t-test for potential difference in age distribution between males
and females.
Levene’s Test
for Equality of
Variances

Age

Equal
variances
assumed
Equal
variances
not
assumed

t-test for Equality of Means

Mean
Difference

Std Error
Difference

95% Confidence
Interval of the
Difference
Lower
Upper

F

Sig

t

d.f.

Sig (2tailed

0.001

0.978

-0.704

28

0.487

-5.733

8.144

-22.415

10.948

-0.704

27.963

0.487

-5.733

8.144

-22.416

10.949

Table 7. Independent samples t-test for potential difference in percentage non-remodeled bone
between males and females.
Levene’s Test
for Equality of
Variances

Percentage
NonRemodeled
Bone

Equal
variances
assumed
Equal
variances
not
assumed

t-test for Equality of Means
95% Confidence
Interval of the
Difference
Lower
Upper

F

Sig

t

d.f.

Sig
(2tailed

0.541

0.468

0.991

28

0.330

0.6909

0.6972

-0.7372

0.21190

0.991

27.412

0.330

0.6909

0.6972

-0.7372

0.21190

Mean
Difference

Std Error
Difference

4.3: Dependence of Age-at-Death on Percentage of Non-Remodeled Bone
A Pearson correlation evaluating the relationship between percentage non-remodeled
bone in the anterior, periosteal octant and age-at-death demonstrated a strong inverse correlation
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between the two variables (r = -0.870; p<0.01). A scatterplot of age-at-death as the dependent
variable on the y-axis and percentage non-remodeled bone as the independent variable on the xaxis highlights this relationship (Figure 9). As the age of the individual increases, the percentage
of non-remodeled bone decreases in a linear fashion.
Based on this insight, linear regression analysis was conducted to further illustrate and
investigate this relationship. Percentage non-remodeled bone served as the independent variable
as a predictor of age-at-death (the dependent variable). The dependence of age on percentage of
non-remodeled bone was statistically significant (p<0.01) with a standard error of prediction of
±11.1 years (Table 7). The related age-related regression equation is also presented in this table.
This model provided an R2 for the anterior, periosteal octant of 0.757 and is plotted in Figure 10.
The residuals from the regression analysis were graphed on a scatterplot shown in Figure 11 and
demonstrated that no remaining systematic relationship exists between the two variables.

Figure 9. Scatterplot of the relationship between age and percentage non-remodeled bone.
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Table 8. Linear regression analysis and regression equation for estimating age-at-death using the
percentage of non-remodeled bone in the anterior, periosteal octant.
ROI in model
Anterior, Periosteal
Octant
Regression equation
for age estimation

ANOVA

R2

Adjusted R2

p-value

F (1, 28) = 87.019

0.757

0.748

0.000

Y = 105.004 – 100.746 X

S.E.E. (years)
11.101

Figure 10. Linear regression analysis depicting a decrease in percentage non-remodeled bone
with increasing age in the anterior, periosteal octant of the femoral midshaft.
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Figure 11. Scatterplot of residuals following linear regression modeling of percentage nonremodeled bone.

4.4: Interobserver Agreement
The interobserver data from both Observer 1 and Observer 2 were tested for normality
using Shapiro-Wilk tests due to small sample size and the data from both observers were shown
to be normally distributed (Table 9). The data were normally distributed both with the sexes kept
independent and with the sexes combined. Further analyses of correlation were performed with
the sexes combined. Interobserver assessments of the percentage of non-remodeled bone in the
subsample of ten selected cross-sections showed a high degree of correlation. A Pearson
correlation showed this relationship to be statistically significant and very highly positively
correlated (r = 0.999; p<0.01). A scatterplot of these data highlights this relationship (Figure 12).
A paired sample t-test revealed that although there was a very strong correlation between
Observer 1 and Observer 2, there was a significant difference between the mean percentage of
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non-remodeled bone reported by Observer 1 and the same measure reported by Observer 2.
These results are presented in Table 11.

Table 9. Test for normality of interobserver data.

Males
Females
Combined

Statistic
0.268
0.217
0.250

Tests of Normality
Shapiro-Wilk
Observer 1
d.f.
p-value
Statistic
4
0.438
0.260
6
0.466
0.205
10
0.127
0.240

Observer 2
d.f.
4
6
10

p-value
0.496
0.565
0.163

Figure 12. Scatterplot of interobserver agreement (observer 1 by observer 2).
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Table 10. Paired sample statistics for interobserver agreement.

Pair 1

Observer 1
Observer 2

Paired Sample Statistics
Mean
N
Std. Deviation
0.260
10
0.2192
0.280
10
0.223

Std. Error Mean
0.0693
0.0704

Table 11. Paired sample t-test for interobserver agreement.

Mean

Pair 1

Observer 1
Observer 2

-0.020

Paired Sample Test
Paired Differences
95% CI of
Difference
S.E.
S.D.
Mean
Lower Upper
0.0085

0.0027

-.026

-.014

t

d.f.

pvalue

-7.31

9

0.000

4.5: Osteon Population Density and Percentage Non-Remodeled Bone
Osteon population density (OPD) data for the anterior, periosteal octant were taken from
Gocha (2014) to compare its ability to accurately predict age-at-death to the percentage of nonremodeled bone. The OPD data and their relationship with age-at-death were evaluated using a
Pearson correlation (r = 0.913; p <0.01) and shown to be highly positively correlated with a
statistically significant relationship. The data were then subjected to simple linear regression.
OPD was the independent value and age was the dependent variable. The dependence of age on
OPD was statistically significant (p<0.01) with a standard error of prediction of ±9.2 years
(Table 12). This model provided an R2 for OPD in the anterior, periosteal octant of 0.833 and is
plotted in Figure 13. The residuals from the regression analysis were graphed on a scatterplot
shown in Figure 14 and demonstrated that no remaining systematic relationship exists between
the two variables.
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Table 12. Linear regression analysis and regression equation for estimating age-at-death using
OPD in the anterior, periosteal octant.
ROI in model
Anterior, Periosteal
Octant
Regression equation
for age estimation

ANOVA

R2

Adjusted R2

p-value

F (1, 28) = 140.045

0.833

0.827

0.000

Y = 6.52 + 2.54 X

S.E.E. (years)
9.184

Figure 13. Linear regression analysis depicting an increase in OPD with increasing age in the
anterior, periosteal octant of the femoral midshaft.
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Figure 14. Scatterplot of residuals following linear regression modeling of OPD.
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Chapter 5: Discussion
Age-related changes to bone as they relate to the process of remodeling are welldocumented in the literature and were discussed in the background section of this paper. While
osteon population density (OPD) is the most widely accepted histological measure for estimating
age by quantifying evidence of remodeling events, other researchers have sought alternative
measures that conserve time both in training and in implementation of the method. Stout and
Stanley (1991) quantified percent osteonal bone and found this measure to be lacking in the
accuracy seen with OPD, but Maat et al. (2006) argued that the time saved by quantification of
percentage of non-remodeled bone overshadowed this issue. Maat et al. highlighted the ease of
visualizing primary lamellae from the surrounding osteonal (or remodeled) bone tissue under
polarized light in which the primary bone will appear as parallel lines amongst the mostly
concentric osteonal bone. The present study investigated a larger region of interest than was used
by Maat et al. in an effort to improve the accuracy of the quantification of percentage of nonremodeled bone as a tool for estimating age-at-death. This study also compared the results of age
estimation from percentage of non-remodeled bone to the more widely used measure of OPD.
The general merits of the proposed technique, its limitations as well as discrepancies in
interobserver agreement, and future directions will be presented.

5.1: Methodological Considerations
Quantification of individual remodeling events across an entire cross-section of the
femoral midshaft is a massive undertaking. This requires extensive training, very clear
definitions of what constitutes a remodeling event, and what microstructures to quantify when
evaluating the bone. In addition, the time needed to invest in this endeavor can take hundreds of
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hours or more for a sample size as large as the one used in this study (N = 30). Quantification of
the percentage of non-remodeled bone from a reduced region of interest (ROI) in this overall
cross-section by contrast requires less training (as the target structures are more readily
visualized) and requires a fraction of the time.
This study used previously prepared histological slides of the femoral midshaft from 30
modern cadaveric samples. These slides were imaged under polarized light and input into
ArcGIS and then subdivided into various ROIs (Gocha 2014). For this study, the anterior,
periosteal octant served as the region of interest. Quantification of the non-remodeled bone was
accomplished based on standardized definitions of remodeling events (Heinrich et al. 2012)
using the polygon feature tool within the ArcMap interface of ArcGIS. The polarized light under
which the images were created assisted with the quantification of the primary bone in that it
highlighted the parallel structure of this bone, clearly delineating it from the more concentric
remodeled bone tissue. When the polarized light in the static image failed to provide enough
definition to confidently designate an area of bone as primary, the original histological slide was
viewed directly through the microscope. The original slide allowed for closer inspection of the
area in question both in polarized light and in brightfield and was necessary for much of the
analysis. Often, a reversal line (the defining feature separating the secondary osteons and
fragments from the surrounding primary bone) could be better visualized with fine adjustments
of the slide using brightfield microscopy. It is important to note that the primary bone within the
younger individuals in this sample displayed a more “classic” presentation of primary bone.
These individuals tended to have well-defined, large swaths of uninterrupted primary lamellae
that followed the contours of the overall cross-section and were relatively straight, parallel fibers
in the bone. In older individuals, the identification of the primary bone became more difficult as
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the bone generally becomes saturated with remodeling events. Visualization of potential primary
bone under the microscope was more critical in these cases and the orientation of the primary
bone needed to be evaluated. It was also necessary to be sure that the areas in question were not
simply fragments of secondary osteons that were caught between other remodeling events in the
thin cross-section.
This research focused only on the anterior, periosteal octant of the femoral midshaft, but
previous research has shown promising results in other ROIs within the femur. Maat et al.’s
work in 2006 investigated ROIs in the “most anterior part”, “combined antero-lateral parts”, and
“entire anterior cortex” of the femoral midshaft. Their work employed ROIs that were 1 x 1 mm2
located at the most anterior point on a wedge of bone extracted from the anterior femoral
midshaft and 25º on either side of this most anterior part (thereafter referred to as the “anterolateral” parts). It is unclear whether their group maintained the medial-lateral orientation of their
thin-section during preparation, but it is likely they did not as neither antero-lateral part was
evaluated independently of each other and neither is given the designation as the “antero-medial”
part. Despite this, their ROIs were very small compared to the ROIs in this study, with the
average area investigated here measuring 16.9 mm2.

5.2: Discussion of Results and Comparison of Techniques
This analysis showed percentage of non-remodeled bone to be a strong predictor of ageat-death. Percentage of non-remodeled bone tracks well with and is inversely related to age (r = 0.870; p<0.01). Linear regression modeling provided an R2 of 0.757 with a standard error of
estimation of ±11.1 years. This is consistent with previous research that has investigated
percentage of primary bone. Kerley (1965) evaluated the femur, tibia, and fibula to produce
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regression equations using secondary osteons, fragments, lamellar bone, and non-Haversian
systems. The most relevant measure to this study is the result of the percentage of
circumferential lamellar bone from the femur. Circumferential lamellar bone is equivalent to the
primary bone or non-remodeled bone referenced in this study. Kerley found a correlation
between femoral lamellar bone and age of r = 0.870 with a standard error of estimation of ±11.78
years. In 1991, Ericksen also quantified percent non-remodeled bone from a sample of 328
individuals of diverse backgrounds, but her results were less promising. She only explained
about 51% of the variation in age with a standard error of estimation of 12.21 years.
Maat et al. (2006) sampled 162 individuals of Dutch origin. One of their best models
utilized the “entire anterior cortex” which includes the 1 x 1 mm2 ROI in the most anterior part
and the two antero-lateral parts to either side. This resulted in an R2 of 0.780 and a standard
estimation of error of ±11.006 years. For comparison with the current study however, only the
data from the most anterior part can be used. Based on the segmentation patterns employed in
this study, namely the use of the anterior, periosteal octant, the ROI includes the most anterior
point of the femoral cross-section in an APML orientation. The boundaries of the anterior,
periosteal octant fall 22.5º to either side of this most anterior point on the femoral midshaft. The
results of Maat et al.’s evaluation of the most anterior part only (sexes combined as in the current
study) are an R2 of 0.608 and a standard error of ±14.786. This dramatic drop in explanatory
power of this model is likely a result of the decreased region of interest, suggesting that even
minor increases in ROI size can significantly improve this model’s ability to estimate age-atdeath. By comparing the anterior, periosteal octant to the most anterior part of Maat et al.’s
study, it is clear that a larger ROI has a significant impact on age estimation not only explaining
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more of the variation in age (i.e. 76% of the variation versus 61%), but also reducing the margin
of error (i.e. from nearly ±15 years to ±11 years).
It is possible that a different region of interest might produce better results. While beyond
the scope of this study, Gocha (2014) presented results reporting the antero-lateral, periosteal
octant to have a stronger correlation between OPD and age-at-death (r = 0.919; p<0.001). The
inclusion of the antero-lateral parts in Maat et al.’s research significantly improved their
explanatory power and reduced their standard error. By solely looking at their combined anterolateral parts, their R2 improves to 0.799 with a standard error of ±10.602 years, even better than
the entire anterior cortex combined. The anterolateral region of the femoral midshaft has the
youngest primary bone of any other region of the cortex due to modeling drift and undergoes the
highest rates of remodeling (Gocha and Agnew 2016). It has been suggested that this increase is
due to mechanical loading in this region. Modeling drift, on the other hand, is the process by
which bone is reshaped along its central axis primarily during normal growth and development to
account for patterns of mechanical loading (Burr and Allen 2014).
Osteon population density was also evaluated in the anterior, periosteal octant using
linear regression, resulting in an R2 of 0.833 and a standard error of estimation of ±9.184 years.
As expected, OPD seems to be a more sensitive measure for tracking age-related changes in the
bone compared to percentage of non-remodeled bone, but the results are still promising for the
technique used in this study. The time and training required to adequately evaluate the bone are
still reduced following the guidelines for quantifying percentage of non-remodeled bone.
Regardless of ROI size, the methods and techniques remain the same. While it is unclear how
much time would be required to document individual remodeling events in this one ROI alone,
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the difficulties with identifying type I (intact) from type II (embedded) osteons and osteonal
fragments from other structures remain.

5.3: Discussion of Interobserver Agreement
Visualization of the histological microstructures is especially important when considering
interobserver agreement. Not only does the definition of the structures need to be unambiguous,
but those features need to be easily identifiable to produce consistent results. The definition
utilized in this research to identify primary lamellae from remodeled bone tissue seemed to
satisfy this requirement. Primary bone could be identified in the cross-section by the orientation
of its lamellae and, most importantly, by the presence of a reversal line which would signify the
boundary of a secondary osteon or osteonal fragment.
The correlation between Observer 1 and Observer 2 in the identification and
quantification of non-remodeled bone suggests this very idea. The data show a statistically
significant correlation (r = 0.999; p<0.001), however, when the data between Observer 1 and
Observer 2 were evaluated with a paired sample t-test, the results were statistically significantly
different (p<0.05). The mean difference between the two observers was -0.020 mm2. This might
simply be an artefact of the size of the interobserver subsample (n=10) or even due to the very
small values obtained in this research.
The fact that the data are so highly correlated suggests that even though the t-test showed
a statistically significant difference between the observers, there is likely no real practical
significance between the observers. In practice, the observers were consistent in their
disagreement. This may be due to slight variations in the interpretation of microstructures and in
the identification of reversal lines. This suggests a possible bias in either observer to either
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overestimate or underestimate the boundaries of the remodeled bone rather than a failure in the
definition or even the technique itself.

5.4: Limitations
The first limitation obvious to this study is the sample size. Thirty samples is the
minimum number of samples for many parametric tests and while the results of this study were
robust and exhibited strong correlations and predictive power, a larger sample size would
provide more weight to the interpretations presented. In addition, while recent studies (Pfeiffer et
al. 2016) have shown no significant improvement in the use of population specific age regression
analyses, a more diverse sample would be ideal to further test this assertion. This sample is
limited to 29 White individuals and one Black individual. Most studies have focused on Black
and White populations. This is insufficient to make a definite statement about the impact
population variation could have on a more diverse sample.
Histology as an investigative technique is also not inexpensive. The technology needed to
perform this type of analysis could certainly be a limitation for many labs. Preparation of
histological slides requires expensive machinery and space to accommodate the grinders, saws,
and other tools required. In addition, the Geographic Information Systems (GIS) software used in
this study, ArcGIS, is not a free service although many universities maintain licenses for research
purposes. There are, however, other free open source GIS platforms available that could easily
be utilized for this purpose. In addition, it is possible to complete analysis of percentage nonremodeled bone from the digital images imported into GIS, assuming the image quality is high
enough, but maintenance of the original histological slide is paramount to areas that may lack
clarity.
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Histology is also an inherently destructive analysis technique. In this study, full crosssections of the femoral midshaft were utilized, originally extracted as 2-3-inch femoral blocks
from donor remains (Gocha 2014). If performed on archaeological remains, this would require
the loss of a large portion of the femur which is often used for other significant analyses such as
stature estimation. In those cases, histological analysis may need to be delayed until all other
non-destructive analyses have been completed and permissions granted which can be very
difficult to acquire.

5.5: Future Directions
To address some of the limitations of this study is to highlight future work that can be
accomplished with this research. Future studies should utilize a much larger sample size in order
to minimize the effects of normal variation in remodeling rates between individuals. A sex- and
age-balanced sample is ideal, addressing both younger adult individuals and those representing
the oldest old. Incorporating a more diverse sample population could also be used to reassess
whether there are any significant effects of population variation on the measure of age-related
changes in percentage of non-remodeled bone. Most studies that have approached the issue of
population variation have only investigated the differences between Whites and Blacks. There
have been no significant studies of any other group which is likely an artefact of availability of
these collections either in a practical sense or in approvals for destructive analysis. Histology,
while destructive, has the potential for insights into changes in the bone that other macroscopic
measures cannot approach.
In addition, if differences in the rates of remodeling do exist between populations, it may
be fruitful to investigate why these differences are present. These differences could have a basis
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in activity-related changes in the bone, be related to nutritional status, or be driven by hormonal
changes or genetics. Recent research has shown that while targeted remodeling, as in the case of
repair of microdamage which can result from mechanical stresses on the bone, may account for
30% or more of the total remodeling in the body, programmed cell death of osteocytes might be
a necessary initiator of remodeling in general (Burr and Allen 2014). Apoptosis of osteocytes can
occur in the absence of microdamage suggesting that the process is more complicated than
simple activity-specific stresses. Many other factors are likely driving the majority of the
remodeling processes in bone.
Other avenues to be investigated would be to evaluate other regions of interest along the
periosteal edge of the femoral midshaft. The anterolateral, periosteal octant would be the most
promising segment as a next step of analysis based on the osteon population density data from
Gocha (2014) and Gocha and Agnew (2016). This region undergoes the highest rates of
remodeling and has the youngest primary bone of anywhere in the femoral cortex. This region
may provide more accurate age predictions as is the case with OPD. The segments in the middle
and endosteal regions of the femoral cortex should also be investigated for evidence of variation
in percentage of remodeled bone. Ideally, the entire anterior cortex from the medial to lateral
aspects and from the periosteal to endosteal envelopes (or surfaces) should be tested. This would
better address the effects that location across the femoral midshaft and, perhaps, mechanical
loading has on the percentage of primary bone as individuals age.
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Chapter 6: Conclusions
The percentage of non-remodeled bone was reevaluated as a predictor of age-at-death
from the femoral midshaft of 30 modern cadaveric samples. There was a strong association
between the percentage of primary lamellae and age-at-death, explaining approximately 76% of
the variation in age when evaluating the anterior, periosteal octant of the femoral midshaft. This
suggests that this measurement may be a viable option when considering age estimation
techniques.
As it stands now, the measurement of percentage of non-remodeled bone is a promising
avenue of investigation but it did not yield the accuracy that would be expected when evaluating
remains in a forensic context. The standard error of estimation for this study was ±11.1 years.
This has narrowed the gap of age estimation when compared to some macroscopic measures, but
other histological measures have shown more sensitivity. In the anterior, periosteal octant, osteon
population density (OPD) explained 83% of the variation in age and was able to accurately
predict age with an error of estimation of ±9.18 years. Investigating other regions of interest may
improve the accuracy of this estimation. Ingvoldstad et al. (2017) reported that larger regions of
interest improve age estimation with OPD. Gocha (2014) was able to increase his R2 to 0.93 with
a standard error of 5.82 years by increasing the ROI of the sample. Increasing ROI however,
increases the amount of time required for evaluation. Using the percentage of non-remodeled
bone may decrease the time investment needed even with an increase in ROI size. Therefore, it
logically follows that a further increase in ROI size, would further increase the accuracy of the
age estimation. This study showed that when compared to Maat et al.’s (2006) most anterior part,
the accuracy of the measurement could be improved. They explained only about 61% of the
variation in age from their 1 mm x 1 mm ROI. Even they demonstrate an increase in predictive
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power when they increase their ROI to include the antero-lateral parts. By including the
anterolateral and/or anteromedial segments of the femoral midshaft from the current sample, it
will likely show a greater improvement in estimation.
The predictive power of percentage of non-remodeled bone as a measure of age-at-death
was shown to increase with an increase in the size of the region of interest, corroborating
previous studies. While not as powerful of a predictor as osteon population density, there is merit
in pursuing this further. Any attempt to refine age estimation methods is a step towards
improving identification efforts. With more research, particularly focusing on the anterolateral
and lateral regions of the femoral midshaft, the quantification of primary bone might provide
enough accuracy to be considered when investigating unidentified individuals. These results also
demonstrated that the percentage of non-remodeled bone can be used to estimate the age-at-death
of individuals well over 50 years old. This is a strong indication for its use in paleodemography
and other bioarchaeological research that could significantly benefit from the ability to narrow
the wide age ranges provided by macroscopic measures of age.
Histology has proven once again to be an extremely useful tool when analyzing human
skeletal remains. Percentage of non-remodeled bone might provide a means of more efficiently
evaluating histological slides of bone in an otherwise very time-consuming practice.
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Appendix
Table 13. Raw data: Percentage of non-remodeled bone in the anterior, periosteal octant.
Subject
ID

Sex

Age

Total Anterior,
Periosteal Octant Area

Total Non-Remodeled
Bone Area

Percentage NonRemodeled Bone

6233

M

21

14.860

8.390

0.5646

6613

F

27

17.803

11.382

0.6393

6141

M

29

22.259

7.253

0.3258

125

M

30

21.037

9.596

0.4562

1125

M

32

25.051

7.370

0.2942

327

F

35

18.596

5.567

0.2993

6767

F

35

14.853

6.075

0.4090

6134

M

42

19.873

8.343

0.4198

2

F

44

13.337

4.925

0.3693

419

F

45

13.680

7.414

0.5419

11

M

48

20.368

10.540

0.5175

205

F

50

15.159

2.629

0.1735

604

M

52

21.793

7.829

0.3593

1121

M

55

19.373

4.868

0.2513

615

F

57

12.593

3.341

0.2653

311

M

60

18.903

5.653

0.2991

706

F

61

11.911

0.852

0.0715

228

M

65

20.452

1.524

0.0745

203

F

69

12.172

1.329

0.1091

1213

M

70

22.008

1.210

0.0550

420

F

75

13.061

0.896

0.0686

206

M

76

19.965

2.653

0.1329

811

F

76

10.859

1.059

0.0975

806

M

80

17.268

1.629

0.0943

510

F

81

14.2843

1.142

0.0799

52

314

M

84

18.631

3.004

0.161

15

F

89

11.494

0.739

0.0643

108

F

91

10.365

0.153

0.0148

1115

F

92

9.772

0.610

0.0624

1218

M

97

24.389

1.431

0.0587

Table 14. Raw data: Interobserver agreement.

Subject ID

Sex

Age

Total IOP
Area

Total NonRemodeled
Bone Area

Total NonRemodeled
Bone Area

Percentage
NonRemodeled

Percentage
NonRemodeled

Observer 1

Observer 2

Observer 1

Observer 2

6233

M

21

7.41

4.42

4.54

0.596

0.613

327

F

35

8.97

2.80

3.03

0.312

0.337

6134

M

42

9.61

3.95

4.18

0.411

0.435

419

F

45

6.57

3.89

4.03

0.591

0.613

615

F

57

6.07

1.92

2.12

0.316

0.349

706

F

61

5.73

0.425

0.478

0.0742

0.0834

228

M

65

10.39

0.675

0.781

0.0650

0.0751

811

F

76

5.09

0.567

0.693

0.111

0.136

806

M

80

8.06

0.891

1.10

0.111

0.136

108

F

91

5.14

0.039

0.079

0.00749

0.0153

53

Bibliography
Ahlqvist, J., & Damsten, O. (1969). A modification of Kerley's method for the microscopic
determination of age in human bone. Journal of Forensic Sciences, 14(2), 205.
Balthazard, L., & Lebrun, F. (1911). Les canaux de Havers de l’os humain aux différents ages.
Annals of Occupational Hygiene Pub Med Lég, 15, 144-152.
Burr, D. B., & Allen, M. R. (2014). Basic and applied bone biology: Academic Press.
Chan, A. H. W., Crowder, C. M., & Rogers, T. L. (2007). Variation in cortical bone histology
within the human femur and its impact on estimating age at death. American Journal of
Physical Anthropology, 132(1), 80-88.
Cho, H., Stout, S. D., Madsen, R. W., & Streeter, M. A. (2002). Population-specific histological
age-estimating method: a model for known African-American and European-American
skeletal remains. Journal of Forensic Sciences, 47(1), 12-18.
Cho, H., Stout, S. D., & Bishop, T. A. (2006). Cortical bone remodeling rates in a sample of
African American and European American descent groups from the American Midwest:
comparisons of age and sex in ribs. American Journal of Physical Anthropology: The
Official Publication of the American Association of Physical Anthropologists, 130(2),
214-226.
Cool S.M., Hendrikz J.K., & Wood W.B. 1995. Microscopic age changes in the human
occipital bone. Journal of Forensic Sciences 40: 789-796.
Cosgriff-Hernández, M.-T. J. (2012). Histomorphometric estimation of age at death using the
femoral cortex: A modification of established methods: The Ohio State University.
Crowder, C. (2013). Estimation of age at death using cortical bone histomorphometry. Research
Report, 2013, funded by the US Department of Justice, Office of Justice Programs,
National Institute of Justice.
Crowder, C., & Dominguez, V. M. (2012). A new method for histological age estimation of the
femur. In Proceedings of the Academy of Forensic Sciences: 64th Annual Meeting,
Atlanta, Georgia, February 2012 (Vol. 18, pp. 374-375). Colorado Springs: American
Academy of Forensic Sciences.
Crowder, C., & Stout, S. (2011). Bone histology: an anthropological perspective: CRC Press.
Daubert v. Merrell Dow Pharmaceuticals, 509 U.S. 579 (1993)
Drusini, A., Businaro, F., & Calderón, F. L. (1987). Skeletal biology of the Taino: a preliminary
report. International Journal of Anthropology, 2(3), 247-254.
Ericksen, M. F. (1991). Histologic estimation of age at death using the anterior cortex of the
femur. American Journal of Physical Anthropology, 84(2), 171-179.
54

Frost, H. M. (1969). Tetracycline-based histological analysis of bone remodeling. Calcified
Tissue International, 3(1), 211-237.
Frost, H. M. (1987). Bone “mass” and the “mechanostat”: a proposal. The Anatomical Record,
219(1), 1-9.
General Electric Co. v. Joiner, 522 U.S. 136 (1997)
Gocha, T.P. (2014). Mapping spatial patterns in cortical remodeling from the femoral midshaft
using geographic information systems software: implications for age estimation from
adult human skeletal remains. Unpublished doctoral dissertation, The Ohio State
University, Columbus, OH.
Gocha, T. P., & Agnew, A. M. (2016). Spatial variation in osteon population density at the
human femoral midshaft: histomorphometric adaptations to habitual load
environment. Journal of Anatomy, 228(5), 733-745.
Gocha, T. P., Robling, A. G., & Stout, S. D. (2019). Histomorphometry of Human Cortical bone:
Applications to Age Estimation. In Biological Anthropology of the Human Skeleton (3rd
ed., pp. 145-188). Hoboken, NJ: John Wiley & Sons, Inc.
Gundersen, H. J. G., Bagger, P., Bendtsen, T. F., Evans, S. M., Korbo, L., Marcussen, N., . . .
Pakkenberg, B. (1988). The new stereological tools: disector, fractionator, nucleator and
point sampled intercepts and their use in pathological research and diagnosis. Apmis,
96(7‐12), 857-881.
Heinrich, J. T., Crowder, C. M., & Pinto, D. C. (2012). Proposal and validation of definitions for
intact and fragmented osteons. American Journal of Physical Anthropology 147 (S54):
163.
Ingvoldstad, M. E. (2012). Femoral midshaft histomorphometric patterning: Improving
microscopic age at death estimates from adult human skeletal remains. Unpublished
doctoral dissertation, The Ohio State University, Columbus, OH.
Ingvoldstad, M. E., Gocha, T. P., Crowder, C., & Dominguez, V. M. (2017). Examining the
Effect of Region of Interest (ROI) Size on the Ability to Accurately Estimate Age at
Death from Osteon Population Density (OPD). In American Academy of Forensic
Sciences: 69th annual meeting, New Orleans, Louisiana, February 13-18, 2017 (Vol. 23,
pp. 177-178). Colorado Springs: American Academy of Forensic Sciences.
Iwaniec, U. T., Crenshaw, T. D., Schoeninger, M. J., Stout, S. D., & Ericksen, M. F. (1998).
Methods for improving the efficiency of estimating total osteon density in the human
anterior mid-diaphyseal femur. American Journal of Physical Anthropology, 107(1), 1324.
Kerley, E. R. (1965). The microscopic determination of age in human bone. American Journal of
Physical Anthropology, 23(2), 149-163.

55

Kerley, E. R., & Ubelaker, D. H. (1978). Revisions in the microscopic method of estimating age
at death in human cortical bone. American Journal of Physical Anthropology, 49(4), 545546.
Kumho Tire Co. v. Carmichael, 526 U.S. 137 (1999)
Lesciotto, K. M. (2015). The impact of Daubert on the admissibility of forensic anthropology
expert testimony. Journal of Forensic Sciences, 60(3), 549-555.
Lynnerup, N., Frohlich, B., & Thomsen, J. L. (2006). Assessment of age at death by microscopy:
unbiased quantification of secondary osteons in femoral cross sections. Forensic Science
International, 159, S100-S103.
Maat, G. J. R., Maes, A., Aarents, M., & Nagelkerke, N. J. D. (2006). Histological age prediction
from the femur in a contemporary Dutch sample. Journal of Forensic Sciences, 51(2),
230-237.
Pfeiffer, S., Heinrich, J., Beresheim, A., & Alblas, M. (2016). Cortical bone histomorphology of
known‐age skeletons from the Kirsten collection, S tellenbosch university, South
Africa. American Journal of Physical Anthropology, 160(1), 137-147.
Pratte, D. G., & Pfeiffer, S. (1999). Histological age estimation of a cadaveral sample of diverse
origins. Canadian Society of Forensic Science Journal, 32(4), 155-167.
Rose, D. C., Agnew, A. M., Gocha, T. P., Stout, S. D., & Field, J. S. (2012). The use of
geographical information systems software for the spatial analysis of bone
microstructure. American Journal of Physical Anthropology, 148(4), 648-654.
Singh, I. J., & Gunberg, D. L. (1970). Estimation of age at death in human males from
quantitative histology of bone fragments. American Journal of Physical Anthropology,
33(3), 373-381.
Stout, S. D. (1998). The application of histological techniques for age at death determination. In:
Forensic osteology: advances in the identification of human remains, Reichs K. (ed.).
Springfield: Charles C. Thomas. Pp. 237-252.
Stout, S. D., & Crowder, C. 2012. Bone Remodeling, Histomorphology, and Histomorphometry.
In: Bone histology: An anthropological perspective, Crowder C. M., & Stout S. D. (eds.).
Pp. 1-22.
Stout, S. D., Dietze, W. H., Işcan, M. Y., & Loth, S. R. (1994). Estimation of age at death using
cortical histomorphometry of the sternal end of the fourth rib. Journal of Forensic
Sciences, 39(3), 778-784.
Stout, S. D., & Gehlert, S. J. (1980). The relative accuracy and reliability of histological aging
methods. Forensic Science International, 15(3), 181-190.

56

Stout, S. D., & Paine, R. R. (1992). Histological age estimation using rib and clavicle. American
Journal of Physical Anthropology, 87(1), 111-115.
Stout, S. D., Porro, M. A., & Perotti, B. (1996). Brief communication: a test and correction of the
clavicle method of Stout and Paine for histological age estimation of skeletal remains.
American Journal of Physical Anthropology, 100(1), 139-142.
Stout, S. D., & Stanley, S. C. (1991). Percent osteonal bone versus osteon counts: the variable of
choice for estimating age at death. American Journal of Physical Anthropology, 86(4),
515-519.
Thomas, C. D. L., Stein, M. S., Feik, S. A., Wark, J. D., & Clement, J. G. (2000). Determination
of age at death using combined morphology and histology of the femur. The Journal of
Anatomy, 196(3), 463-471.
Thompson, D. D. (1979). The core technique in the determination of age at death in skeletons.
Journal of Forensic Sciences, 24(4), 902-915.
Villa, C., & Lynnerup, N. (2010). A stereological analysis of the cross‐sectional variability of the
femoral osteon population. American Journal of Physical Anthropology, 142(3), 491-496.

57

Curriculum Vitae
MARIAH MOE
Department of Anthropology
University of Nevada, Las Vegas
4505 S. Maryland Pkwy, Box 455003
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RESEARCH INTERESTS
Human osteology, forensic anthropology, bone histology and age estimation, human rights
violations, and identification of unidentified and disenfranchised remains

EDUCATION
University of Nevada, Las Vegas
Ph.D. program

Las Vegas, NV
In Progress

University of Arizona
B.S. in Anthropology
Minors in Chemistry and Molecular and Cellular Biology
GPA: 4.0/3.621

Tucson, AZ
December 2013

Pima Community College
Dual-enrollment courses while attending Mountain View High School
Post-baccalaureate coursework in biomedical sciences
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PAPERS AND PRESENTATIONS
Gocha, T.P. and Moe, M.E. (February 2019). Buckle rib fractures: More than a pleural surface
phenomenon. Poster Presentation. 71st Annual Meeting of the American Academy of
Forensic Sciences, Baltimore, MD.
Andrew, D.R., Moe, M.E., Chen, D., Tello, J., and Restifo, L.L. (2018). Spontaneous motorbehavior abnormalities in Drosophila models of brain development disorders. Manuscript
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Andrew, D.R., Moe, M.E., Doser, R.L., and Restifo, L.L. (October 2015). Spontaneous motor
behavior of Drosophila fragile X mental retardation 1 (dfmr1) mutants reveals
perseverative and excessive grooming. Poster Presentation. Society for Neuroscience
Meeting, Chicago, IL.
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CURRENT ACADEMIC AND PROFEESIONAL WORK EXPERIENCE
Instructor – Graduate Assistant
University of Nevada, Las Vegas
Introduction to Physical Anthropology Lab – Fall 2018, Spring 2019
Forensic Technician (February 2018-Present)
Clark County Office of the Coroner/Medical Examiner
Fully participate in all tasks associated with receiving of deceased individuals including
documentation of height, weight, associated personal effects, and any notable features
Take photographs and radiographs as indicated for incoming remains
Collaborate with funeral homes and third parties when receiving and releasing human
remains
Assist Dr. Gocha (Investigative Forensic Supervisor and Chief Forensic Anthropologist) with
forensic anthropology cases as needed (dissection, maceration, analysis, etc.)
Graduate Assistant (Fall 2017-Present)
Department of Anthropology, University of Nevada, Las Vegas
Assist with teaching duties associated with the Department of Anthropology including
teaching courses, giving guest lectures, assisting with grading, and managing student
communications in addition to research duties such as data entry and management

PAST ACADEMIC AND PROFESSIONAL WORK EXPERIENCE
Forensic Anthropologist (November 2018)
Paradise, CA (Camp Fire Incident)
Assisted in the search and recovery of human skeletal remains in support of first responder
efforts in Butte County, CA
Collaborated with teams of anthropologists, search and rescue groups, and coroner details to
excavate burned structures for evidence of burned human remains and recovered remains
when necessary
Provided expertise for distinguishing human from non-human remains
Volunteer/Student (January 2018)
Rural South Texas Cemetery Excavation
Collaborated with the Forensic Anthropology Center at Texas State (FACTS) and Operation
Identification (OpID), the University of Nevada, Las Vegas (UNLV), the University of
Indianapolis, and the Argentine Forensic Anthropology Team (EAAF)
Excavated and conducted intact analysis of 30-40 human remains in an effort toward
identification of presumed migrants
Transported remains to the Texas State Forensic Anthropology Research Facility for storage,
processing, cleaning, inventory, and comprehensive skeletal and DNA analysis
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Volunteer/Student (2017-2019)
Department of Anthropology Open House, University of Nevada, Las Vegas
Assisted in setup and breakdown of Skeletal Trauma and Forensic lab station
Presented on ante- and peri-mortem trauma in skeletal remains
Forensic Anthropology Intern (September 2016-December 2016)
Pima County Office of the Medical Examiner
Fully participated in a variety of tasks associated with forensic anthropology exams including
assessment of sex, stature, age, ancestry, postmortem interval, and trauma
Comprehensive skeletal analysis including gross and radiographic dental exams, resection,
and maceration of selected skeletal elements
Critical record keeping of all pertinent information for casework performed
Student Research Assistant (January 2014-June 2015)
Dr. Linda Restifo’s Lab, Department of Neurology, University of Arizona, supervised by Dr.
David Andrew
Conducted behavior genetic experiments using D. melanogaster to model developmental
intellectual disabilities
Studied a fly model of Fragile X syndrome and its relationship to autism by recording the
motor behavior of genetically engineered flies in assay chambers
Extensive work with custom software in MATLAB and V-code to extract data from videos
and analyze grooming behavior
Independent Contractor/Bioarchaeologist (March 2013-April 2013)
Burial Mound Excavation, Sonora, Mexico
Excavated human remains as part of a burial mound dating back to 100 AD in Onavas,
Mexico
Identified, drew, measured, and photographed remains prior to recovering and storing them
for transport
Transported approximately 30-35 separate “bone boxes” to Trincheras, Mexico for storage,
cleaning, categorization, and future research
Volunteer/Student (January 2013)
Burial Excavation with Desert Archaeology, Inc.
Excavated Native American remains with the aid of Dr. James Watson
Learned techniques of documenting and fully excavating a human burial in compliance with
NAGPRA regulations focusing on speed and efficiency of field work with a strict
deadline
Volunteer/Student (August 2012-August 2013)
Missing Migrant Project, Pima Pathologists Office
Input over 1300 missing person’s reports into a computer-based system (NamUs) to aid in
the identification of undocumented border crossers
Translated Spanish reports from Mexican and Central/South American consulates into
English for NamUs
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Compared rates of decomposition using images of human remains with recent missing
person’s reports in the hope of making a positive identification
Volunteer/Student (December 2012-January 2013)
Equine burial excavation
Assisted UA Veterinary Sciences student to exhume and process equine skeletal remains that
were used to build a horse model
Independent Student Research (August 2012-December 2012)
Moe, M.E. (2012) Determining Prehistoric Sexual Dimorphism in Foot Size from the American
Southwest.

SCHOLARSHIPS AND AWARDS
FSF Student Travel Grant ($1,500), Forensic Sciences Foundation
2019
Edwards & Olswang Scholarship ($450), University of Nevada, Las Vegas
2018
Angela Nichole Peterson Scholarship Award ($2,100), University of Nevada, Las Vegas 2017
The School of Anthropology Leadership Award ($100), University of Arizona
2012
Wildcat Excellence Award, Scholarship ($8,500/year), University of Arizona
2009-2012
Honors College Grant ($500), University of Arizona
2011-2012
Academic Competitiveness Grant ($1,300), University of Arizona
2010-2011

PROFESSIONAL AFFILIATIONS
International Association of Coroners & Medical Examiners, Associate Member (2018-Present)
American Academy of Forensic Sciences, Student Member (2018-Present)
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